Mesoporous silicon (PSi) microcavities (MC) based on one-dimensional photonic crystals have been studied as optical sensors for relative humidity (RH). Oxidized PSi modified the structure of the MC such that the spectral position of the MC resonance peak depended on the humidity. A spectral shift of the MC resonance peak of up to 6 nm to longer wavelengths was observed as the RH increased from 20% to 85%. Ultrasound affects the MC peak spectral position in the reverse direction as a result of water removal from mesoporous structure. This effect can be used for the stabilization of the peak spectral position for an optical interconnect and fast recovery of the optical gas sensors.
Introduction
Porous silicon (PSi) based chemical and biological optical sensors have been intensively studied for the past decade [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] because of the high surface area of PSi and the variety of optical transduction mechanisms upon exposure to different analytes. Optical sensors based on PSi one-dimensional photonic crystals with microcavity [3] [4] [5] [6] [7] [8] [9] [10] demonstrated better sensitivity than PSi monolayers or Bragg mirrors due to the existence of a sharp resonance peak in the reflectance spectrum whose spectral position depends on the change of the microcavity (MC) refractive index. In the case of the vapor sensing, two major mechanisms responsible for the refractive index change can be considered: capillary condensation (relatively high vapor pressure) and physisorption on the inner walls of PSi (low vapor pressure). In addition, for MCs infiltrated with sensory polymers [10] , chemisorption contributes to the refractive index change.
Among the variety of vapors tested in PSi MC optical sensors [3] [4] [5] [6] [7] [8] [9] [10] , just a few reports are related to humidity sensing [4, 11] , probably because the MC resonance peak in these studies was almost unresponsive to the humidity change (e.g., 0:4 nm redshift from dry to 50% relative humidity [11] ). Mulloni et al. [4] reported no change of the MC peak spectral position even for immersion of MC in water. It is worth mentioning that MCs in these reports were not oxidized at high temperatures under oxygen or at normal conditions with ozone exposure. As a result, the porous surface was terminated mostly by Si-H groups making it hydrophobic, which prevents water vapor condensation.
As we demonstrate in this study, the resonance peak of highly oxidized MC can be sensitive to water vapor (up to 6 nm shift from dry to 85% relative humidity) providing a simple design for an optical humidity sensor. To our knowledge, to date only capacitance/conductive humidity sensors based on porous Si have been reported in the literature [12] [13] [14] . Optical sensors have advantages over electrical sensors because of their fast response and the absence of electrodes (or electrode/PSi interface) that could be affected by sensing analytes. Another aspect reported in this study is the influence of the ultrasound (∼5 MHz) on the MC optical properties leading to water evaporation followed by the shift of the MC resonance peak to shorter wavelengths: essentially "MC drying." This new effect can be employed for resonance peak stabilization at varied environmental conditions. Moreover, ultrasound is capable of efficiently removing not only condensed water but also organic molecules sorbed by the PSi structure.
Experiment
The PSi MCs fabrication is described elsewhere [10] . Briefly, they were prepared by anodic etching of p-type (100)-oriented Si wafers (resistivity ∼0:01 Ω cm) in 15% solution of HF with ethanol. The microcavity structure consists of a Fabry-Perot resonator between two distributed Bragg reflectors (DBRs) that are fabricated from alternating layers of high and low porosity. Anodization was performed under a periodically changing current applied between a silicon wafer and a platinum electrode. In fabricated samples, the first DBR consists of 5 periods, while the second has 20 periods; each period contains two layers, high and low porosity. For most samples, the low and high porosity layers were fabricated at a current density of 6 mA=cm 2 and 25 mA=cm 2 , respectively. MCs were oxidized at 900°C under oxygen flow for 20 min. The reflectance spectra were measured with an Ocean Optics spectrometer coupled with an optical fiber positioned normal to the sample surface. An ultrasound transducer (NDT Olympus A126S-RM, resonance frequency −5 MHz, FWHM −4 MHz, maximum power −125 mW) working under AC sinusoidal voltage from a functional generator was coupled with the back side of MC through the silicon grease. The silicon grease (Olympus Couplant C silicone oil) was deposited on the back side of the Si wafer as a thin layer (∼3 mm), followed by firmly pressing to the transducer surface. The samples were placed in a custom designed test chamber (30 ml) equipped with a flow controller to regulate the humidity or vacuum level.
Results and Discussion
Figure 1(a) shows the reflectance spectra of asprepared mesoporous MC (pore size in the range of 5-10 nm) and after oxidation at 900°C. The scanning electron microscope image of the PSi structure (monolayer etched at 30 mA=cm 2 ) is shown in Fig. 1(b) . The sizable blueshift of the resonance peak is observed, which is indicative of Si oxidation. We found that oxidized MC is sensitive to the relative humidity (RH) level: the MC resonance peak demonstrates a redshift of up to 6 nm [ Fig. 2(a) ] upon RH increase from 20% to 85%. In contrast, nonoxidized MC is almost unresponsive to the RH change (redshift less than 0:5 nm), which is consistent with previously reported results [4, 11] . The dependence of the MC shift on RH is a nonlinear function. Therefore, approximately the sensitivity to RH was extracted from the slope of the straight lines [ Fig. 2(a) ] for two ranges 20-60% and 60-85%, which corresponds to 0:0725 nm=% RH and 0:143 nm=% RH, respectively.
Ultrasound also affects the MC resonance peak resulting in a blueshift at sufficient RH level [ Fig. 2(b) ], similar to air pumping from MC [ Fig. 2(c) ]. At low humidity (at 20-30% and less) no noticeable spectral shift under ultrasound or vacuum was observed. These results can be interpreted in terms of water removal from the mesoporous structure of PSi MC, although the heating of porous Si upon ultrasound could be an alternative explanation. As reported by Weiss et al. [15] , the increase of temperature resulted in a blueshift of the resonance peak for an oxidized microcavity. However, the heating effect can be ruled out since the temperature change does not exceed 2°C at the maximum ultrasound power (temperature was measured with an accuracy of 0:2°C by a miniature thermistor attached to the MC surface). Such a small temperature elevation cannot be the cause of a blueshift of up to 6 nm as demonstrated by the temperature dependence of the spectral position of the MC peak presented in the inset of Fig. 2(b) .
To elucidate the situation with water condensation and its removal by ultrasound, five PSi monolayers of different porosity were prepared ( Table 1) . As shown in Table 1 , there is a correlation between the spectral shift of the Fabry-Perot fringes and porosity of the monolayers. The highest spectral shift (4 nm for vacuum and 2:5-3 nm for ultrasound) is observed for monolayer with low porosity (43%), and practically no shift was detected for high porosities (more than 75%). These results are in a good agreement with the capillary condensation model, where the average pore radius is responsible for critical vapor condensation inside the mesopores. This process can be described by the Kelvin formula [16] for relative vapor pressure P at which condensation occurs for pores of radius r:
where γ is the surface tension of the liquid, V L is the molar volume of the liquid, R is the gas constant, T is temperature, and P s is the saturation vapor pressure of the liquid. Thus, pores with small radius (low porosity) facilitate and make more effective water vapor condensation as compared with pores with large radius (high porosity). The use of the Bruggeman approximation [17] can provide the value of the water volume fraction as a function of the porosity. However, it is difficult to calculate the volume fractions of SiO 2 and Si that are formed after annealing. Nevertheless, the water fraction can be estimated for the low porous layer (43.5% porosity, Table 1 ), assuming that the major contribution to the effective dielectric constant is associated with silicon, and neglecting the SiO 2 volume fraction. This is consistent with the similarity between L 2;3 Xray emission spectra of annealed low porous Si and bulk silicon [18] . According to the Bruggeman model, an effective dielectric constant of the medium ε av composed from n components can be defined from the equation
where ε i and ρ i are the dielectric constant and volume fraction of each component, respectively. For a three-component medium,
where ε si , ε air , and ε w are the dielectric constant of Si, air, and water, ρ is the layer porosity, and ρ w is the water volume fraction. Initially, Eq. (3) is solved for two components to obtain the ε av 0 value without the water component, followed by solving Eq. (3) taking into account ε av ¼ ε av 0 þ Δε av 0 , where (Table 1) . Finally, the water fraction ε w ¼ 3:9% was obtained for RH ¼ 85%. Thus the spectral shift of 6 nm at RH ¼ 85% corresponds the water fraction of ∼4% in low porous Si. These data correlate with results of study [9] , where the similar shifts and corresponding values of the liquid fractions in mesoporous Si were calculated upon exposure of several organic vapors.
Note that the refractive index of bulk water (1.3) can be changed owing to quantum confinement inside the mesoporous structure. In such a nanoenvironment, water can exist in the form of clusters, and its physical and chemical properties are distinct from the bulk substance [19, 20] .
The dynamics of the water removal under ultrasound [ Fig. 3(a) ] is different from the vacuum effect [ Fig. 3(b) ]. This mechanism is far from fully understood. We can speculate that a cavitation effect inside the water clusters contributes to water removal from the pores. Acoustic cavitation results in growth and collapse of bubbles in liquids leading to local temperature increase up to several thousands of Kelvin [21] . Such extreme conditions should release the water from the mesoporous medium. The recovery process (complete return of the MC peak to the initial spectral position) for the ultrasound effect is characterized by a much longer time than for vacuum and can be associated with relatively slow back diffusion of the water molecules and their condensation inside the nanopores. In the case of the vacuum, the recovery time should be similar to the response time, as the fast increase of the pressure (usually takes ∼1-2 s) forces the water molecules to quickly infiltrate back into the mesoporous structure. This assumption is consistent with the experimental data [ Fig. 3(b) ]. We did not find any dependence of the MC spectral shift on ultrasound frequency in the range from 2 MHz to 8 MHz.
Ultrasound can be applied to remove not only water but also organic compounds condensed inside the MC mesopores. Figure 4 demonstrates the dynamics of MC peak spectral position upon exposure of nitrotoluene saturated vapors followed by ultrasound application. Without ultrasound, the natural recovery takes about 30 min, while with ultrasound the recovery time does not exceed 5-6 min. Such effect can be employed for effective recovery of gas sensors based on porous Si.
Conclusions
In conclusion, we have demonstrated that a highly oxidized Si microcavity can be used as a simple and efficient optical humidity sensor. The transduction mechanism is the correlation between the spectral position of the MC resonance peak and RH level. Water condensed inside SiO 2 mesopores can be removed by ultrasound, resulting in a spectral shift of the MC resonance peak. This effect can be applied for fine tuning of the peak spectral position (or peak stabilization in changing environmental conditions), which can be beneficial for an optical interconnect. Moreover, ultrasound is capable of efficiently removing both condensed water and organic molecules sorbed inside mesopores that can be used for the fast recovery of PSi optical gas sensors.
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